INTRODUCTION
ity of islet physiology with humans. It is common knowledge that pig islet isolation is characterized by in-90 POGGIOLI, INVERARDI, AND RICORDI served poor yield that characterizes porcine islet isola-with the method described previously, and endocrine cells were subsequently isolated by fractionation by den-tion is the disruption of the endocrine tissue during digestion, resulting in the release of fragmented islets and sity gradient centrifugation on Histopaque 1077. Aliquots of cells were cultured in suspension (in non-tissue dispersed free cells. While this occurrence has often been ascribed to the action of the collagenase blends culture-treated flasks) and their function compared with cells that were allowed to adhere to tissue culture-treated utilized, an alternative explanation for this phenomenon was presented by White et al. (12) , who evaluated the flasks. From day 7 of culture onwards the number of cells was largely unchanged and their function (insulin activation of endogenous proteases during the automated method of digestion in adult porcine pancreases. release) was maintained, at variance from adherent cells. While cells cultured in suspension didn't show a signifi-During digestion, supernatant aliquots were collected and analyzed at regular time intervals. The activ-cant response to high glucose concentration in terms of insulin release (glucose-stimulated insulin secretion), ity of seven pancreatic enzymes was examined after in vitro activation of the inactive proforms. Amount and they could reduce glycemia and improve glucose tolerance in transplanted diabetic nude mice. rate of activation were highly different between isolations with the larger percentage of activation detected
The data contained in this report suggest, in agreement with O'Neil's findings, that viable alternatives to for carboxypeptidase B (70%) and lipase (80%). Impurities in the crude commercial collagenase were pro-adult islet isolation might exist, and that young donor animals could be utilized, although functional perfor-posed as possibly responsible for the activation of endogenous proteases during isolation. Activation of mance of the isolated endocrine cells is certainly in need of improvement. endogenous proteases, and the differences observed in individual isolations, might therefore account for the Notwithstanding significant progress in the techniques and methods involved in adult pig islet harvest-scarce reproducibility and poor yield of islet isolation procedures in pigs.
ing, their isolation is still complicated by many factors, some of which are not yet understood completely. There-A great deal of attention among investigators focused on xenotransplantation research is directed to solving the fore, porcine fetal and neonatal pancreata as a source of beta cells have attracted the attention of many research-problem of over-and underdigestion of porcine pancreata. A digestion procedure utilizing a novel enzy-ers. In the in-depth study of Yoon et al. (14) , neonatal porcine cell clusters were analyzed as a potentially use-matic solution and a "two phase approach" was described in an article by Cui et al.
(3). The enzyme solution ful alternative to adult pig islets. Isolation of neonatal porcine pancreatic cell clusters (NPCC) is indeed char-was injected gently in the pancreatic duct of 2-year-old retired breeder pigs (>200 kg). After 2 h on ice the pan-acterized by a high degree of reliability and reproducibility. Importantly, there is no purification step involved in creas was incubated 45 min at 37°C without shaking, to prevent mechanical fragmentation of the islets. Temper-the procedure, because the whole tissue obtained after digestion is cultured for 8-11 days. At the end of the ature of the organ never exceeded 32°C. Histological study of the digested tissue demonstrated disruption of culture, the isolated tissue is homogeneously composed of islet-like structures with insulin-, glucagon-, and so-acinar but preservation of islets. In consideration of previous evidence of a relatively low content of collagen matostatin-producing cells. While a sizable percentage of the precursor, duct-like cells is able to differentiate in around islets in porcine pancreata, the enzyme solution utilized by Cui was formulated to contain a reduced beta cells in culture, their full anatomical and functional maturation requires a much longer period and occurs amount of collagenase, and supplemented with dispase, DNAse, trypsin inhibitor, and bovine serum albumin.
after transplantation in the kidney subcapsular space of nude mice in several weeks. After purification on discontinuous gradients a mean of 291,667 IEQ/pancreas was obtained, with 90% purity.
The yield of NPCC after isolation was, on average, of 28,000/pancreas. The yield was not significantly dif-Static incubation was performed after 2 days in culture and showed measurable insulin production, albeit stimu-ferent when selected types of collagenase were compared, and similarly the size of the NPCC did not vary lation indexes were low. Histological analysis of both pancreatic sections and isolated islets indeed suggested significantly. Histological studies were performed to define the cell composition of the NPCC at selected time good quality of the preps with preservation of the islet structural integrity, fulfilling the very premise of this points during the culture. Cytokeratin 7 (CK7) was chosen to identify neonatal pancreatic ductal cells. Interest-study.
The same group from Kyoto University has sug-ingly, about 18% of the cells positive for insulin in the neonatal pancreas co-stained for CK7. A similar or per-gested that isolated and suspension-cultured islets derived from 6-month-old pig pancreata could represent a haps slightly higher percentage of CK7-positive cells costained for insulin also after 8 days of culture, at which useful alternative to adult islets (6) . Islets were obtained point the percentage of insulin-positive cells in the A unique model has been utilized for discordant islet transplant by J. R. Wright et al., in Halifax, based on NPCC increased from 4% to 14%, whereas insulin and DNA content fell substantially. dissection and harvesting of Brockman bodies from the teleost fish Tilapia. It has been previously demonstrated NPCC were implanted under the kidney capsule of chemically diabetic immunodeficient mice. More than 8 that these islets could effectively reduce hyperglycemia in diabetic nude mice. The isolation of Tilapia islets is weeks were necessary to reverse STZ-induced hyperglycemia, with sizable differences related to the amount of very easy and not expensive. Also, the possibility of bacterial, fungal, and viral infections from this fish NPCC transplanted. An intraperitoneal glucose tolerance test showed reduced glucose level excursions in trans-seems to be less likely than from mammalian species. The biological advantage of Tilapia tolerance to a hyp-planted mice compared with untransplanted diabetic controls; this could be speculatively attributed to im-oxic environment and the plausible resistance to human cytokine, due to phylogenetic disparity, may advocate proved insulin sensitivity. Histological analysis of the grafts removed after 8 weeks showed differentiation of this fish as an optimal source of islets for encapsulation and, eventually, transplantation. The problem that has ductal cells into insulin-positive cells. The proportion of ductal cells was clearly reduced, when compared with been recently tackled by this group (13) is the difference between human and Tilapia insulin structure, which that observed after in vitro culture, while insulin-positive cells were much more represented. Similar histolog-would certainly lead to insulin resistance after transplant in humans, due to the production of anti-tilapia insulin ical evaluation, performed when the glycemia reached normal values, showed that the implanted NPCC were antibody. The authors report on the production of a transgenic Tilapia with a "humanized" insulin gene that can almost entirely composed of beta cells. It was speculated that such sizable increase in beta cell mass might be code for human insulin but conserves piscine regulatory sequences, and are planning to develop embryonic stem explained by a lack of feedback inhibitory mechanisms due to the immaturity of the cell population implanted, cell lines from Tilapia with the future intent of transfection with the insulin gene. The metabolic regulation of compared with adult pig islets.
On the same topic about the use of nonadult pig tis-the secretion and the effects of "humanized" insulin and its catabolites in humans still need to be investigated. sue, the article by Hawthorne et al. (5) examined the function of pig fetal pancreata in syngeneic recipients.
PRIMARY NONFUNCTION Transplants were performed in selected organs in a syngeneic model to avoid the confounding effect of allorec-Primary nonfunction (PNF) significantly contributes to islets graft failure, often resulting in persistence of ognition and rejection on the histology-based analysis of pancreatic maturation. Syngeneic tissue implants indeed hyperglycemia after transplant. PNF, or early graft loss, is likely due to the occurrence of nonimmunological showed growth and formation of nest-like structures up to 4 weeks after implant. There was early transient in-phenomena of inflammation at the site of implant. Beta cell damage and dysfunction is probably attributable to flammatory infiltration that spontaneously receded. Allogeneic recipients, used as controls, showed acute re-cytokines such as IL1, IL6, TNF-α, and INF-γ produced by the implant microenvironment macrophages or by jection of the implanted fetal pig pancreatic fragments. In the syngeneic recipient, maturation of the fragments cells residing in the islet, and to free radicals and NO. PNF occurs regardless of the species combination uti-was characterized by the appearance of cells positive for chromogranin, somatostatin, and insulin. Function of the lized (i.e., it is frequently observed in allogeneic as well as in xenogeneic transplanted islets). Strategies aimed at grafted tissue was not analyzed in this article in terms of its competence to maintain normal blood glucose levels.
preventing the occurrence of PNF are urgently needed, because their implementation is likely to result in im-ADDITIONAL SOURCES proved overall graft success and, importantly, in reduction of the number of islets necessary to successfully As already underlined, isolation of good quality porcine islets is neither easy nor inexpensive. Moreover, the treat a recipient. It is conceivable that induction of islet cytoprotection reproducibility of adult porcine islet isolation is dependent on many variables. Islets cell clusters obtained from might result in reduced occurrence of PNF. Cytoprotection could be induced by upregulation of free radical fetal and neonatal porcine pancreas could represent a viable alternative, with the already mentioned caveat of a scavenger and antiapoptotic molecules. Selected members of the heat shock protein (HSP) family have been sizable delay in function acquisition. The risk of microbiological transmission and the cost of a facility that reported to mediate cytoprotection in experimental model systems. Based on these premises, an analysis of reaches FDA and AAALAC standards are other factors that suggest the opportunity of looking for alternative in vivo HSP-70 hyperthermia-mediated induction in adult pig islets before transplant in nondiabetic Lewis sources of islets. rats was performed by Branhorst et al. (1). Immediately canine islets with LPS and the corresponding in vivo improved early graft function might be ascribed to the after isolation, pig islets were exposed to high temperature (43°C). Western blot analysis of protein extracts elimination of biological contaminants carried over from the isolation and purification procedures. Alternatively, demonstrated an increased expression of HSP-70 but not of heme oxygenase-1, another member of the stress-elimination of "passenger leukocytes" could account for the observed advantage. Indeed, a period of culture be-inducible protein family. Heat-shocked islets were significantly protected from death induced by exposure to fore xenotransplantation could be a useful strategy in the prevention of primary nonfunction. H 2 O 2 or NO, although the magnitude of the protective effect was not great. When transplanted in Lewis rats
One of the mechanisms leading to early graft loss in a xenotransplantation setting could be hyperacute rejec-simultaneously with contralateral sham-treated islets, heat-shocked islets surprisingly demonstrated a decrease tion due to binding of natural antibodies and complement activation. There is substantial controversy in the in early survival, perhaps related to apoptosis occurrence. A heat-induced alteration of insulin secretion due literature as to whether hyperacute rejection indeed plays any significant role in islet failure. In a recent pub-to rearrangement of cytoskeletal structures could also be postulated as a concurrent cause of graft nonfunction.
lication by the group of Jonker (10), signs of hyperacute rejection were studied in cynomolgous monkeys, after This unexpected finding clearly demonstrates the need for in-depth analysis of cytoprotective mechanisms transplantation of cultured adult pig islets. Islets were cultured for 1-2 weeks before transplant. Pig islets were to define the ones that are characterized by sizable islet protection.
transplanted under both kidney capsules, and the four recipients were immunosuppressed with cyclophospha-Many authors are investigating alternative strategies to avoid inflammation induced by cytokines and NO mide, cyclosporin A, and prednisolone. Hemolytic antibody titers were analyzed pre-and posttransplant. The produced by macrophages, APC, and lymphocytes. Prevention of NO production by inhibition of iNOS, for graft-bearing kidneys were harvested shortly after islet transplantation because of the assumption that hyper-example, has been previously attempted, but this strategy did not completely protect the islets from dysfunc-acute rejection would occur. Histopathological analysis showed no signs of rejection up to day 7. After the 11th tion, probably because of the redundancy of inflammatory mediators that can contribute to islet damage. day, islets were lost, and an inflammatory infiltrate was observed at the site of implant. Only one monkey, char-In vitro NO production by splenocytes in coculture with canine islets and its relation to early xenograft fail-acterized by a follow-up of only 7 days and very high blood levels of cyclosporin A, never showed infiltrate ure in rats was analyzed by Ketchum et al. in an attempt to help elucidate its role (8) . Lewis rat splenocytes were or significant increase in anti-pig antibody titers. These data strongly suggests that hyperacute rejection cocultured with dog islets, with or without inhibitors of NO, and nitrite levels were measured in supernatants mediated by XNA deposition and subsequent complement activation might not be a critical contributor to the after 18 h of culture. An increase to 170% in nitrite values was observed when freshly isolated canine islets occurrence of early graft loss in a pig-to-primate setting. A potentially critical cell subset contributing to early were cocultured with rat splenocytes. NO inhibitors reversed this effect. LPS stimulation resulted in sizable graft loss of xenogeneic islets is the macrophage. Conventionally utilized immunosuppressive agents have lit-NO production by splenocytes but not by islets. Interestingly, NO production was not observed if the islets were tle effect in preventing macrophage activation and function. Macrophages are also thought to play an important previously cultured for 7 days rather than being cocultured with splenocytes immediately after isolation.
role in determining the failure of encapsulated xenogeneic grafts. One drug that indeed has been suggested to In a subsequent series of in vivo experiments, either fresh or cultured canine islets were implanted intrahe-prevent macrophage activation and function is 15-deoxyspergualin. The effects of 15-deoxyspergualin on early patically in nude rats and Lewis rats (5000 IEQ). The premises of these experiments were to validate in vivo graft function and survival of encapsulated xenogeneic islet grafts (rat to mouse) were examined by Hsu et al. the effect of preculture (which prevented NO production in vitro) and the efficacy of NO inhibitors. A statistically (7) . Microencapsulation of xeno-islets with alginatepolylysine-alginate led to reversal of hyperglycemia significant difference was observed in xenograft function at 24 h, when recipients were treated with the NO after transplant in BALB/c diabetic mice for an average of 75 days. But afterwards, the degradation of capsules, inhibitor aminoguanidine, and in animals that received precultured islets, when compared with controls. pericapsular infiltration of mononuclear cells, especially macrophages, fibroblast neo-growth, and activation of This study demonstrates an inverse correlation between NO production and xenogeneic early graft func-fibrinolytic system caused relapse of hyperglycemia. Administration of 15-deoxyspergualin at the first occur-tion. The lack of NO production after in vitro culture of rence of hyperglycemia resulted in restoration of nor-planted into diabetic NOD mice treated with nicotinamide and a nonanimal protein diet led to long-term moglycemia with a rescue effect on microencapsulated islets. The effect was rapidly lost after withdrawal of the remission of hyperglycemia. Two diabetic patients, one of which was under immunosuppressive therapy for a therapy. Further, and somewhat surprisingly, preemptive administration of 15-deoxyspergualin did not lead to previous kidney transplant, received 15,000 IEQ encapsulated islets/kg in the peritoneal cavity. Patients re-prolonged graft function.
Encapsulation has been introduced with the idea of ceived nicotinamide and a dairy-free diet, and showed reduction in exogenous insulin needs that reached statis-protecting islets cells by impermeabilization to immune cells, immunoglobulins, and fractions of complement of tical significance only in the nonimmunosuppressed patient, for 12 weeks. Blood was tested before transplant the recipient, while permitting diffusion of insulin, oxygen, nutrients, and products of catabolism. Different bio-and after 19 months for PCR-based detection of PERV DNA and RNA in WBC and plasma. Additionally, co-compatible materials have been studied. Materials for membrane with different permeability and biocompati-culture infectivity tests were performed in vitro, both with encapsulated and nonencapsulated islets, using hu-bility are continuously developing. Cruise et al.
(2) used a hydrogel photopolymerized microcapsule of polyethyl-man and porcine cell lines. Both ex vivo and in vitro tests showed no PERV transmission. ene glycol (PEG) diacrylate for porcine islet encapsulation, with functional evaluation by transplant in nude CONCLUSIONS STZ diabetic mice and with permselectivity study by Review of the articles recently published in Cell evaluation of immune-mediated rejection in rats. Four
Transplantation on the topic of xenogeneic islet transdifferent molecular weights of PEG (2, 4, 8, 20 kDa) plant clearly shows that there are numerous problems were used and different percentages of acrylation substithat need to be solved before islet xenografting can betution in end chains (10%, 11%, 13%, and 25%) were come a viable approach to tackle the problem of human investigated.
tissue shortage. These issues span from the definition of Decrease in the viability, glucose-stimulated insulin the ideal nonhuman donor source to biohazards. It aprelease after static incubation, and lower content of expears evident that pig islet isolation is still amenable to tractable insulin were seen in encapsulated porcine islets significant improvement, although sizeable progress has with the high concentration of diacrylation compared indeed been witnessed. Additional sources such as piwith low diacrylation. Transplant of 5000-8000 IEQ isscine islets certainly deserve further evaluation. Furtherlets (but not lower IEQ numbers), encapsulated in low more, problems common to allotransplantation, such as concentration of PEG diacrylate, reversed hyperglyceprimary nonfunction, need to be addressed, representing mia for over 70 days in every diabetic nude mouse. a potentially rich field of scientific cross-fertilization. After 30 days from the discordant xenotransplant in Lastly, fundamental and yet unresolved issues of xenothe rat peritoneal cavity, immunohistochemical staining graft rejection mechanism definition and potential biostill demonstrated presence of insulin and histology hazard have to be solved before clinical applicability can showed conserved cell morphology with a single layer be considered justified. In particular, the potential risk of macrophages and only modest amount of fibrosis surof PERV transmission, although encouraging evidence rounding the capsule, suggesting reasonable xenoprotecof lack of such risk has been provided (4) and was retion of islets by this kind of material.
viewed here, requires thorough investigation. While encapsulation might indeed represent an effec-While all these problems pose a significant hurdle to tive strategy to protect islets from recognition by the scientists involved in xenogeneic transplantation rerecipient's immune system, its effectiveness in preventsearch, the potential returns of successful xenogeneic ising the potential transmission of porcine endogenous relet transplantation warrant all efforts in this direction. troviruses needs in-depth analysis and thorough investigation.
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